Erwinia chrysanthemi synthesizes and secretes pectate lyases that attack components of the plant cell wall and, therefore, play a major role in the pathogenesis of soft rot disease. We isolated a new mutant (designated pec-1), by Tn5 mutagenesis, that displays weak pectate lyase production and decreased motility and mucoidicity. Maceration and pathogenicity tests done on different plant organs showed that the pec-1 strain displays a reduced virulence compared to that of the parental strain. The Tn5 insertion was localized between the pelL and the out loci and defines a new regulatory region. Sequencing of the pec-1::Tn5 insertion revealed that pec-1 is tightly linked to the pecT regulatory gene that also controls pectate lyase synthesis. Moreover, the pecT mutation is dominant over the pec-1 mutation, suggesting that these two loci are involved in the same regulatory network. We demonstrated, by Northern blot analysis, that the pec-1::Tn5 insertion provokes derepression of pecT transcription and defines a cis-acting element. Introduction of the pecT gene in trans of a pecT::uidA fusion induced a decrease of pecT::uidA transcription, indicating a negative autoregulation. Band shift experiments confirmed that the PecT repressor specifically interacts with the pecT regulatory region. We also demonstrated that the PecT protein interacts with the regulatory region of the pelD gene encoding a pectate lyase. Therefore, the abolition of the pecT autoregulation in the pec-1 mutant provokes an overproduction of the PecT repressor that is responsible for the decrease of pectate lyase synthesis. Mutagenesis of the pecT regulatory region revealed the presence of two sites in which insertions reproduced the pec-1 phenotype. This result suggests that pecT autoregulation requires the presence of two functional operator sites. From this study, we propose that the PecT repressor binds to these two sites, generating a loop that blocks pecT transcription.
Erwinia chrysanthemi is a phytopathogenic enterobacterium that causes soft rot diseases in a wide range of plants. Its pathogenicity results from the secretion of pectinolytic enzymes responsible for the disorganization of the plant cell wall (8) . E. chrysanthemi is not only able to cleave the pectic polymers, but it can also use them as carbon and energy sources for growth. In strain 3937, the first steps of pectin degradation involve two pectin methyl esterases, PemA and PemB, that demethylate pectin in polygalacturonate (PGA) (19, 41) ; five major pectate lyases, PelA, PelB, PelC, PelD, and PelE (4); and at least four secondary pectate lyases, PelI, PelL, PelX, and PelZ (12, 21, 28 ) that cleave PGA in unsaturated oligogalacturonides (41a) . The secondary pectate lyases display very low specific activity and could be detected only in an E. chrysanthemi mutant deleted of the five major pel genes (18) . The intracellular part of pectin degradation involves the ogl, kduI, kduD, kdgK, and kdgA gene products (9, 16, 31) , which convert oligogalacturonides into pyruvate and 3-phosphoglyceraldehyde (two intermediates of the general cellular metabolism).
Expression of all the pectinolysis genes is induced by pectin degradation products such as 2-keto-3-deoxygluconate (KDG), 5-keto-4-deoxyuronate, and 2,5-diketo-3-deoxygluconate (25, 26) . In addition, the transcription of pectate lyase genes is subject to other physiological controls, including growth phasedependent induction (14) , catabolite repression, and regulation by environmental conditions such as anaerobiosis, osmolarity, temperature, iron and nitrogen starvation, or the presence of plant extracts (5, 13, 40) .
In E. chrysanthemi 3937, four loci involved in the regulation of pectinolytic genes have been characterized: crp, pecS-pecM, pecT, and kdgR (10, 32, 35, 43) . The cyclic AMP receptor protein (CRP) controls many carbohydrate catabolic pathways and also activates pectate lyase production (35) . The PecSPecM locus modulates the synthesis of pectate lyases, the cellulase EGZ, and the secretion machinery proteins. Moreover, pecS mutants produce an extracellular insoluble blue pigment not synthesized in the wild-type strain. PecS is a transcriptional repressor, whereas PecM is an integral membrane protein probably involved in the sensing and transduction of an unidentified external signal (29, 32) . The pecT gene encodes a protein of the LysR family of transcriptional regulators. PecT represses pel gene expression and also affects bacterial mucoidy and flocculation ability (43) . Finally, the kdgR gene encodes a transcriptional repressor that mediates induction of pectinolysis genes, as well as secretion machinery genes, in the presence of pectin. Under such inducing conditions, KDG, a catabolic intermediate of pectin degradation, binds to the KdgR repressor, which becomes inactive and unable to repress pectinolysis gene expression (25, 26) . In a kdgR mutant, expression of genes corresponding to the intracellular part of pectinolysis is constitutive and no longer inducible, whereas expression of pel genes is derepressed but remains inducible in the presence of pectin. Such superinduction in the presence of pectin is amplified in a kdgK-kdgR double mutant because of KDG accumulation. The residual induction of pectate lyase synthesis observed in these mutants or in a pecS-pecT-kdgR mutant, in the presence of pectin, suggests that another regulatory protein(s) responds to KDG. In order to characterize additional regulatory proteins, a strain containing a pelD::lacZ fusion was mutagenized. We isolated 27 mutations that altered both ␤-galactosidase and pectate lyase synthesis. In this study, we describe the characterization of the unique mutant, designated pec-1, that displayed decreased production of pectate lyases.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacterial strains and plasmids are described in Table 1 . E. chrysanthemi and Escherichia coli cells were grown at 30 and 37°C, respectively, in Luria Bertani medium or M63 minimal medium (23) supplemented with a carbon source (0.2% except for PGA, 0.4%). Liquid cultures were grown in a shaking incubator. Enzymatic assays were usually performed on cells grown at 30°C in M63 glycerol minimal medium. To induce pectate lyase synthesis, this medium was supplemented with PGA (0.4%). When required, antibiotics were added at the following concentrations: ampicillin, 100 g/ml; kanamycin (KAN), 50 g/ml; chloramphenicol, 20 g/ml; tetracycline, 15 g/ml; and rifampin, 200 g/ml.
Plate and enzyme assays. Lactose fermentation tests were performed on MacConkey (MC) agar plates containing 1% lactose (23) . In situ pectate lyase activity was detected by flooding PGA-containing plates with a saturated solution of copper acetate. Degraded PGA formed a clear halo around colonies. Enzyme assays were usually performed on toluenized extracts of cells grown to stationary phase. Each experiment was repeated at least three times. Pectate lyase activity was determined by monitoring spectrophotometrically at 230 nm the formation of unsaturated products from PGA (0.05%) in 0.1 M Tris-HCl (pH 8.5) buffer containing 0.1 mM CaCl 2 (24) . One unit of activity is defined as the amount of enzyme required to produce 1 mol of unsaturated product per min. Specific activity is expressed in units per milligram (dry weight) of bacteria. ␤-Glucuronidase activity was measured by monitoring at 405 nm the release of p-nitrophenol which resulted from the degradation of p-nitrophenyl-␤-D-glucuronide (2) . ␤-Galactosidase activity was measured by monitoring at 420 nm the degradation of o-nitrophenyl-␤-D-galactoside into o-nitrophenol. (23) . Both ␤-glucuronidase and ␤-galactosidase specific activities are expressed as nanomoles of product liberated per minute per milligram (dry weight) of bacteria. To test motility, equal quantities of bacteria were loaded into holes in the middle of 0.4% Luria Bertani agar plates. Plates were checked between 12 and 24 h after inoculation. Motility was determined by measuring the diameter of the colony.
Virulence tests. Potato tuber treatment and infection were performed as described by Lojkowska et al. (20) . Usually, 2 pipette tips were used per tuber: one contained suspensions of pec-1 mutant (A2237) and the other contained parental strain A350. Ten tubers were inoculated with each strain and incubated at 30°C in a dew chamber at 100% relative humidity. Disease severity was determined 2 days after inoculation, as described by Lojkowska et al. (20) . For the determination of bacterial multiplication, rotted tissues from 10 samples were collected and homogenized in M63 medium. CFU were determined by plating appropriate dilutions on agar plates. Infection of chicory leaves and celery petioles was performed as described by Beaulieu et al. (3) and Expert and Toussaint (11) .
Genetic techniques. Transduction with phage phi EC2 was performed according to Resibois et al. (30) . Tn5 mutagenesis was performed with the suicide plasmid pMO194 by mating between the Pseudomonas aeruginosa PAO5 (pMO194) and E. chrysanthemi A1510 strains. Matings were performed by spotting 0.2 ml of an overnight culture of donor and recipient strains onto an M63 agar plate. After 5 h at 30°C, cells were resuspended in 1 ml of M63 liquid medium, and dilutions were spread onto medium containing lactose and KAN, MC lactose and KAN, or MC lactose, PGA, and KAN. Mutagenesis of plasmid pT7500 by MudI1734 was performed as described by Castilho et al. (7) . The insertions of MudI1734 in the pec-1 locus were introduced into the E. chrysanthemi chromosome by marker exchange recombinations between the chromosomal allele and the plasmid-borne mutated allele, as described by Roeder and Collmer (36) . Chromosomal localization was achieved by using an RP4 derivative plasmid that can mediate the transfer of the host chromosome to a recipient bacterium (46) . Recombinant DNA and RNA techniques. Preparations of plasmid DNA, restriction enzyme digestions, ligations, DNA electrophoresis, DNA labelling, alkaline blotting, and transformations were carried out as described by Sambrook et al. (39) . Nucleotide sequence determination was performed by the chain termination method on double-stranded DNA templates. Extension of primers was achieved with T7 DNA polymerase. The resulting data were analyzed using the MAC MOLLY TETRA program (SoftGene, Berlin, Germany). Genomic DNA was isolated by the method described by Ausubel et al. (1) . Total RNAs were extracted by the TRIZOL method (Bio-Rad Laboratories) or by the phenol powder technique described by Maes and Messens (22) . RNA concentrations were estimated spectrophotometrically, and the quality of the RNA was analyzed by electrophoresis on formamide-formaldehyde denaturing 1.2% agarose gels. All aqueous solutions used for these manipulations were treated with 0.2% diethyl-pyrocarbonate and autoclaved. For Northern blot analysis, total RNAs were separated by 1.2% agarose denaturing gel electrophoresis, and RNAs were transferred onto N ϩ Hybond membranes (Amersham) and then fixed for 2 h at 80°C. Membranes were prehybridized for 2 h at 55°C with 18.5% (wt/vol) formamide, 0.02% (wt/vol) sodium dodecyl sulfate (SDS), 0.1% (wt/vol) N-lauroylsarcosin, and 2% Northern blocking solution (Boehringer) in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). After elimination of the prehybridization buffer, hybridization buffer preheated to 65°C was mixed with denatured DNA probes labelled with 200 Ci of [␣-
32 P]dCTP (3,000 Ci/mmol) (Amersham) by random priming by using the Nonaprimer kit from Appligen. Hybridization was carried out overnight at 55°C. After hybridization, membranes were extensively rinsed with buffers of increasing stringency (twice at room temperature in 2ϫ SSC-0.1% [wt/vol] SDS, once for 15 min at 65°C in 1ϫ SSC-0.1% [wt/vol] SDS, and finally, once for 10 min at 65°C in 0.1ϫ SSC-0.1% [wt/vol] SDS) and exposed to Amersham MP film.
Analytical procedures. Isoelectrofocusing was performed with a polyacrylamide gel containing a Pharmalyte (Pharmacia) gradient from pH 3 to 10. An overlay with a PGA-CaCl 2 -agarose gel and staining by using 0.05% ruthenium red allowed for the specific detection of pectate lyase activity (4) .
Preparation of protein extracts. The SnaBI-EcoRI restriction fragment containing the pecT gene was cloned into the pT7-6 vector (44). In the resulting pT76SE plasmid, the pecT gene was placed under the control of the T7 promoter. Expression of the pecT gene was performed in E. coli K38, which contained, on plasmid pGP1.2, the T7 RNA polymerase gene under the control of the PL promoter and the heat-sensitive repressor cI857 gene. Crude protein extracts enriched in PecT were prepared from E. coli K38 cells grown at 30°C in Luria broth containing KAN and ampicillin to maintain both pGP1.2 and pT7-6SE plasmids. A control crude protein extract was prepared under the same conditions with E. coli K38 cells containing pGP1.2 and pT7-6 without insert. When the optical density at 595 nm reached 1.0, synthesis of the T7 RNA polymerase was induced by shifting the culture temperature from 30 to 42°C for 25 min. Rifampin (200 g ml Ϫ1 ) was added to inhibit activity of the bacterial RNA polymerase, and the cells were grown for an additional 2 h at 30°C. Cells were harvested by centrifugation and washed. The pellet was resuspended in DNA binding buffer [12 mM HEPES-NaOH (pH 7.0), 4 mM Tris-HCl (pH 7.0), 50 mM KCl, 1 mM EDTA, 5% (vol/vol) glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 200 g of bovine serum albumin/ml, and 50 g of poly(dI-dC)/ml] at a final concentration of 25 mg of cells/ml. Crude protein extracts were obtained by disrupting the bacterial cell wall at 138,000 kPa in a French press (Aminco). Cell debris was eliminated by centrifugation at 20,000 ϫ g for 20 min followed by centrifugation at 100,000 ϫ g for 1 h. Protein concentrations in the crude extracts were determined by the Bradford method (6).
Band shift assays. The HpaI-HindIII fragment (320 bp) harboring the regulatory region of pelD and the MunI-BglI fragment (1,050 bp) harboring the regulatory region of pecT used for binding assays were end labelled with 100 Ci of [␣-
32 P]dATP (3,000 Ci mmol Ϫ1 ) (Amersham) and the Klenow fragment. These labelled fragments were purified with a Qiagen quick extraction kit. Mobility shift assays were performed as described by Ausubel et al. (1) with minor modifications. The binding buffer was 12 mM HEPES-NaOH (pH 7.0), 4 mM Tris-HCl (pH 7.0), 50 mM KCl, 1 mM EDTA; 5% (vol/vol) glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 5 mM CaCl 2 , 10 mM MgCl 2 , 200 g of bovine serum albumin/ml, and 50 g of poly(dI-dC)/ml. After a 15-min incubation at 30°C, the samples were loaded onto a 4% nondenaturing polyacrylamide gel with a low ionic strength at pH 7.0. Electrophoresis was performed at 26 mA per gel for 2 or 4 h for the pelD or the pecT DNA operator regulatory region, respectively.
RESULTS
Isolation of regulatory mutations affecting pectate lyase synthesis. In order to identify the regulatory genes controlling pectate lyase synthesis, a kdgK pelD::lacZ derivative of E. chrysanthemi 3937 (strain A1510) was mutagenized by transposon Tn5. In a kdgK mutant, the intracellular accumulation of the inducer KDG provokes a very high induction of pel genes in the presence of pectin or PGA. In particular, it causes a very high expression of pelD, the pel gene which is the most sensitive to KDG induction (34) . The basal expression level of the pelD::lacZ fusion is weak and does not allow strain A1510 to grow on lactose minimal medium or to develop a red color on MC lactose medium. In contrast, A1510 develops an intense red color on MC lactose medium supplemented with PGA since the pelD::lacZ fusion is strongly induced.
Screening for mutations resulting in "up" expression of the pelD::lacZ fusion was performed by selection of clones able to grow on lactose minimal medium (Lac ϩ ), whereas mutations resulting in "down" expression of pelD::lacZ fusion were selected by decreased color on MC lactose PGA medium. Out of the 10 5 Kan r clones screened on lactose minimal medium, we found 50 Lac ϩ mutants, of which 26 were derepressed for synthesis of the other pectate lyases. Among 10 4 Kan r clones screened on the MC lactose PGA medium, eight white mutants were obtained. Of these, only one mutant displayed reduced pectate lyase production. We retained the 27 mutations (26 Lac ϩ and 1 Lac Ϫ ) that affect both pectate lyase synthesis and pelD::lacZ fusion expression.
The corresponding Tn5 insertions were transduced, with the generalized transducing phage phi EC2, into the A1510 strain. The correlation between the acquisition of KAN resistance conferred by Tn5 and pectate lyase up or down production demonstrated that the selected mutations resulted in each case from a single Tn5 insertion.
The 27 Tn5 insertions were transferred into polyauxotrophic strains containing markers distributed all along the chromosome (15) by using the pULB110 plasmid that can mediate the transfer of the host chromosome to a recipient bacterium (46) . All of the 26 Lac ϩ insertions were located near the ogl mutation (more than 90% cotransduction frequency with ogl). In addition, introduction in these 26 mutants of the pROU2 plasmid that contains the wild-type kdgR gene (33) resulted in a decrease of both pelD::lacZ expression and the synthesis of the other pectate lyases. The 26 mutations are therefore complemented by the kdgR gene and correspond to kdgR mutations. Thus, these mutations were not studied further. The mutation resulting in decreased pel expression was located between the ade-377 and ura-2 markers (Fig. 1) and defined a new regulatory region, which was designated pec-1.
Characterization of the pec-1 mutant. Expression of the pelD::lacZ fusion in the pec-1 background (strain A2300) was decreased by fivefold. The pec-1::Tn5 insertion was transduced into the 3937 derivative lacZ strain, A350. In the resulting strain, A2237, pectate lyase synthesis was strongly reduced. The basal expression level was decreased by 6-fold, and the induced level of expression was decreased by 25-fold (Fig. 2) . Pectate lyase synthesis was still inducible in the presence of PGA in the pec-1 mutant, but the induction ratio was fourfold lower than that observed in the wild-type background (Fig. 2 ).
This loss of induction was probably linked to the decreased pectate lyase activity observed for the pec-1 mutant. Indeed, inducer formation requires pectin degradation, and the weak pectate lyase activity in strain A2237 results in a low level of inducer formation and consequently in a weak induction of pectinolysis genes. Such a decrease of pectate lyase synthesis prevents the growth of pec-1 mutant on PGA as the sole carbon source, whereas this mutant catabolized galacturonate, digalacturonate, and all the other carbon sources tested (glucose, glycerol, mannitol, galactose, saccharose, fructose, and fumarate). This result suggests that the pec-1 mutation does not affect a global metabolism regulator such as CRP. Moreover, the growth parameters of the pec-1 mutant were similar to those of the parental strain, A350 (data not shown). Pectate lyase synthesis in the pec-1 mutant was still induced at the end of the exponential growth phase, as observed for strain A350 (data not shown). Therefore, the pec-1::Tn5 mutation is not involved in the growth phase-dependent expression of pel genes. In addition, motility of the pec-1 mutant was reduced (about 30%), and mucoidicity was also decreased (data not shown). Such results suggest that the pec-1::Tn5 mutation af- fects various factors which could play a role in E. chrysanthemi pathogenicity. To confirm these results, the tissue-macerating ability of the pec-1 mutant, A2237, was compared with that of the parental strain, A350, by inoculation of potato tubers, chicory leaves, and celery petioles. The pec-1 mutant macerates less efficiently these different plant organs than the parental strain (Fig. 3) . Bacterial multiplication during infection was monitored by estimating the total bacterial population in the rotted tissue. The total bacterial population per inoculation site was fivefold higher for the wild-type strain than for the pec-1 mutant. These results showed that the pec-1::Tn5 mutation induced a loss of pathogenicity of E. chrysanthemi 3937.
Transcription of pectinolysis genes in a pec-1 background. The production of the major Pel proteins was analyzed in a pec-1 background using isoelectrofocusing. Synthesis of the five major pectate lyase proteins (PelA, PelB, PelC, PelD, and PelE) was strongly reduced in the pec-1 mutant (Fig. 4) . A decrease of two-to fivefold was observed with transcriptional gene fusions in the corresponding genes (pelA, pelB, pelC, pelD, and pelE) ( Table 2) . Therefore the pec-1::Tn5 mutation affects regulation of the transcription of all the major pel genes. Expression of the two genes encoding secondary pectate lyases, pelI and pelL, was also decreased in the pec-1 background both in induced and in noninduced conditions ( Table 2) . Expression of the pectin methylesterase genes pemA and pemB, the secondary pectate lyase gene pelZ (28) , and kdgC, which encodes a pectate lyase-like protein (9), was reduced in induced conditions only (Table 2 ). In contrast, expression of the genes of the intracellular part of the pectin degradation pathway (ogl, kduD, kduI, and kdgK) was not significantly affected by the pec-1::Tn5 mutation, as previously suggested by the normal growth of pec-1 mutant on digalacturonate (data not shown). Therefore, in the pectinolytic pathway, the pec-1 region participates in the regulation of pectate lyases only.
Regulatory hierarchy between pec-1, kdgR, pecS, and pecT. To determine whether the pec-1 mutation is involved in a regulatory network distinct from the KdgR, PecS, or PecT systems, pec-1-kdgR, pec-1-pecS, and pec-1-pecT double mutants were constructed and analyzed for pectate lyase synthesis. In pec-1-kdgR and pec-1-pecS double mutants, pectate lyase production reached an intermediate level compared with that obtained in the single mutants kdgR, pecS, or pec-1 (Fig. 5) . The effect of the pec-1::Tn5 mutation is then cumulative to the kdgR and pecS mutations, indicating that the three corresponding loci are involved in distinct regulatory systems. In contrast, the pecT mutant and the pec-1-pecT double mutant produced similar levels of pectate lyases (Fig. 5 ). The pecT mutation is then epistatic on the pec-1::Tn5 mutation. These results suggest that the pec-1::Tn5 mutation is involved in an early step in the PecT regulatory cascade.
Cloning of the pec-1 mutation. To clone the pec-1::Tn5 insertion, chromosomal DNA from strain A2237 was digested with BamHI and ligated into the pUC18 vector digested by the same enzyme. The Kan r marker of Tn5 was used as the selection criterion. The corresponding plasmid, pA31, contained an 8.5-kb insert including 3 kb of Tn5 DNA and 5.5 kb of chromosomal DNA. Sequencing of the Tn5 insertion point and a search for homology in the nucleotide data bank revealed that Tn5 is inserted 579 bp upstream of the pecT gene translation start (Fig. 6) . Analysis of this region revealed only very small putative open reading frames (shorter than 99 bp). The pecTpec-1 linkage was confirmed by the high cotransduction frequency (90%) between these two markers. By Southern blot analysis, we demonstrated that the pecT-pec-1 locus was a A pec-1 mutation was introduced into strains containing either a lacZ fusion (pelI and kdgC) or a uidA fusion (pelA, pelB, pelC, pelD, pelE, pelL, pelZ, pemA and pemB). Cultures were grown in M63 glycerol minimal medium (noninducing conditions) and in M63 glycerol minimal medium supplemented with 0.4% PGA (inducing conditions). The effect of the pec-1 mutation is calculated as the ratio wild type (WT)/pec-1. Values were calculated from at least five independent experiments and are given with the standard deviations. ␤-glucuronidase and ␤-galactosidase specific activities are expressed as nanomoles of product liberated minute Ϫ1 milligram Ϫ1 (dry weight) of bacteria.
unique in the E. chrysanthemi chromosome (data not shown). These results allowed us to map the pecT gene on the E. chrysanthemi 3937 chromosome, since it was not previously localized.
Complementation of the pec-1 mutation and insertion mutagenesis in the corresponding region. To determine if the pec-1 region encodes a diffusible product, we performed a complementation test of the pec-1 mutation. Pectate lyase activity was measured in strains A2237 and A350 harboring either plasmid pJEL250 (vector control) or plasmid pJEL26 (pec-1 ϩ ) ( Fig. 7 and 8) . No complementation was observed, suggesting that pec-1 does not encode a diffusible product but probably corresponds to a cis-acting element. To confirm this hypothesis, the wild-type pec-1 region was mutagenized with bacteriophage MudI1734, which generates lacZ transcriptional fusions. A total of 102 MudI1734 insertions were obtained in the 2.6-kb EcoRI-PstI fragment, which contains the wild-type pec-1 locus and the beginning of the pecT gene (Fig. 7) . Two major transcriptional units were detected in this fragment: the unit at the PstI extremity corresponds to the pecT gene and the unit at the EcoRI extremity is divergently transcribed. A part of this second transcriptional unit was sequenced and presents a strong homology with the aspC gene encoding an aspartate amino transferase of Haemophilus influenzae (Fig. 6) . Consequently, this gene was designated aspC. A total of 20 insertions regularly distributed on the EcoRI-PstI fragment were introduced into the E. chrysanthemi chromosome by marker exchange, and pectate lyase synthesis was analyzed in the resulting mutants.
The aspC::lacZ fusion (Fig. 6) did not modify the pectate lyase activity. In addition, expression of this fusion was not modified in a pec-1 or pecT background, demonstrating that aspC regulation is independent of pec-1 and pecT (data not shown).
Insertions located in two regions designated R1 and R2, which are spaced by 150 bp (Fig. 6) , reproduced the phenotype of the pec-1 mutant (Fig. 2 and 4) . The original Tn5 insertion site was localized into R1 (Fig. 6) . No significant ␤-galactosidase activity was detected for the corresponding Mu insertions, whatever the lacZ transcriptional orientations, indicating that these regions are not transcribed. These results were confirmed by Northern blot experiments using total RNA from E. chrysanthemi A350. With either an aspC probe (0.9-kb EcoRIBamHI fragment harboring the beginning of aspC) or a pecT probe (0.6-kb SnaBI-PstI fragment harboring the beginning of pecT) (Fig. 7) , a 1.4-kb RNA was detected for each transcriptional unit (data not shown). In contrast, no small RNA could be detected in E. chrysanthemi with the aspC-pecT intergenic region as a probe (1-kb BamHI-SnaBI fragment) (Fig. 7) . Mechanism of pec-1 action. To examine the cis effect of pec-1 on pecT transcription, total RNAs were extracted from strains A350 and A2237. Hybridization with the pecT probe revealed an increase of pecT mRNA quantity by about 5-to 10-fold in the pec-1::Tn5 mutant compared with the wild-type background (Fig. 9) . Therefore, the pec-1::Tn5 mutation abolishes a negative transcriptional regulation of pecT. Similar expression of the pecT::uidA transcriptional fusion in the simple pecT::uidA mutant (A2148) and in the pec-1-pecT::uidA double mutant (A2338) suggests that the pecT gene is negatively autoregulated and that the pec-1 regions (R1 and R2) are probably implicated in this autoregulation. To confirm these results, we introduced into strain A2148 (pecT::uidA) a lowcopy-number derivative of pJEL250 harboring the pecT gene and pec-1 region (pJEL15) or only the pec-1 region (pJEL26) (Fig. 7) . The presence of the pecT gene in trans of the pecT::uidA fusion (A2148 pJEL15) provoked a twofold decrease of ␤-glucuronidase activity, confirming that pecT is negatively autoregulated (Fig. 8) . No modification of ␤-glucuronidase activity was observed with pJEL26 ( Fig. 8) . In addition, the introduction into the parental strain, A350, of the plasmid pJEL15 induced a fourfold decrease of pectate lyase activity (Fig. 8) . Therefore, increase of pecT expression either by introduction of the pecT gene on a low-copy-number plasmid or by inactivation of the cis-acting pec-1 region resulted in a strong transcriptional repression of the pel gene. These results confirmed that the pec-1::Tn5 mutation abolished the negative autoregulation of the pecT gene and provoked an overproduction of the PecT protein, which is responsible for the superrepression of pectate lyase synthesis.
PecT protein binds to DNA containing the pelD or pecT regulatory regions. To determine the ability of PecT protein to bind DNA, a gel mobility shift assay was performed. Addition of increasing amounts of crude protein extracts from an E. coli strain overproducing PecT protein resulted in a shift of a DNA fragment containing the pelD regulatory region (Fig. 10) . This band shift is specifically linked to the presence of the PecT protein since no band shift could be obtained with equivalent amounts of a control crude protein extract from an E. coli strain which does not produce the PecT protein. To confirm the autoregulation of pecT by the PecT protein, a band shift experiment was performed with a DNA fragment containing the pecT regulatory region. A pecT DNA-protein complex was obtained, and the amount of complex formed increased with the concentration of the crude protein extract. Because of the large size of the DNA probe (1,110 bp) it is difficult to determine if the band shift consists of a single species or of multiple bands. These observations indicated that the PecT protein interacts in a specific manner with the pelD and pecT regulatory regions. Moreover, the band shift for the pecT regulatory region was obtained with crude protein extract concentration lower than that required for the pelD regulatory region shift. Therefore, the affinity of PecT protein seems to be higher for pecT DNA than for pelD DNA.
Occurrence of PecT homologs in other Erwinia species. To identify potential PecT homologs in other Erwinia strains and to verify that pecT is a single-copy gene in E. chrysanthemi 3937, we used Southern DNA hybridization (Fig. 11) . Hybridization revealed a pecT homolog in E. chrysanthemi EC16. In contrast, no hybridization signals could be detected in Erwinia herbicola SCRI424, Erwinia amylovora SCRI449, Erwinia carotovora subsp. atroseptica SCRI31, and Erwinia carotovora subsp. carotovora strain SCRI193. These results suggest that pecT homologs do not exist in all of the pectinolytic Erwinia species, but it is necessary to confirm these results by Western blot analyses. 
DISCUSSION
E. chrysanthemi A1510 harboring a pelD::lacZ transcriptional fusion was mutagenized with transposon Tn5. Mutants that resulted in up expression of the pelD::lacZ fusion were all affected in the kdgR gene. Considering that insertion of transposon Tn5 is random in E. chrysanthemi and that the E. chrysanthemi chromosome contains approximately 3,000 genes (3,700 kb) (8a), statistically, with 10 5 Kan r mutants tested, we expected to obtain about 30 insertions in each gene. The isolation of only kdgR mutants by our screening suggests that no other major repressor controls pelD expression. The KdgR protein represses pelD expression by a factor of about 40 (34) , and its inactivation provokes a pelD::lacZ transcription sufficient to allow the bacteria to grow on lactose. In contrast, inactivation of either PecS or PecT regulatory proteins derepressed pelD::lacZ transcription by a factor of about three to five and did not result in a Lac ϩ phenotype (data not shown). Other repressors with minor effects (such as PecS or PecT) may exist but were not found by our selection procedure. Out of 10 4 Kan r clones (about three insertions in each gene were expected), we selected one mutant, designated pec-1, that in addition to decreasing pelD::lacZ expression, also displayed a reduced production of the other pectate lyases. During the screening, selection of the Kan r clones was performed on M63 glycerol medium. Therefore, a crp mutant that produces very weak pectate lyase activity (12) could not be isolated because such a mutant cannot grow on this medium.
Molecular cloning of the pec-1::Tn5 insertion showed that pec-1 is located in the 5Ј regulatory region of the pecT gene. By Northern blot analysis, we demonstrated that this mutation induced a derepression of the pecT transcription and defines a cis-acting element. Introduction of the pecT gene in trans of a pecT::uidA transcriptional fusion provoked a decrease of the fusion expression. This supports the idea that pecT is negatively autoregulated. A band shift assay experiment confirmed that PecT interacts with the pecT regulatory region and demonstrated that PecT regulates directly its own expression. This is a common feature of most of the members of the LysR family of transcriptional activators. Therefore, it is interesting to note that PecT acts as a transcriptional repressor, in contrast to the other members of the LysR family, which are transcriptional activators. Recently, Surgey et al. (43) used a trans complementation analysis, in E. coli, with two compatible multicopy plasmids harboring the pecT gene and a pecT::uidA fusion to investigate pecT autoregulation. These authors reported a twofold increase exerted by PecT on the level of its own gene expression. The reason for this discrepancy between the two studies is not clear, but our results, based on a complementation test with low-copy-number plasmids and Northern blot analysis performed with E. chrysanthemi, may reflect the true regulation of pecT. Moreover, the E. coli LrhA protein (43) , which is highly similar to PecT, may have modified the results obtained by Surgey et al.
The pec-1 mutation responsible for PecT derepression was initially isolated on the basis of the decreased expression of one target gene, pelD. Using a band shift assay, we confirmed that PecT specifically interacts with the pelD regulatory region. Therefore, the increased intracellular concentration of the PecT repressor in a pec-1 mutant is responsible for superrepression of the pelD gene. This superrepression is also observed for most of the genes of the pecT regulon. Such an interpretation is consistent with the opposite phenotypes of the pec-1 and pecT mutants (mucoidicity, motility, and pectate lyase activity).
Insertion mutagenesis of the pecT regulatory region revealed the existence of two regions, named R1 and R2, that when FIG. 9 . Northern blot analysis of the pecT transcripts. Various amounts (from 2.5 to 10 g) of total RNA samples from parental strain A350 and the pec-1 mutant A2237 were loaded onto a 1.2% agarose formaldehyde denaturing gel. Hybridization was performed with an E. chrysanthemi 3937 pecT-specific 32 P-radiolabelled probe (Fig. 7 , 0.6-kbp SnaBI-PstI DNA fragment). mutagenized reproduce the pec-1 phenotype. These results suggest that pecT negative autoregulation requires the presence of two functional sites, R1 and R2, because inactivation of one or the other of these regions results in a pec-1 phenotype. We suppose that the PecT repressor binds to the two sites and generates a loop that blocks pecT transcription. In E. coli, a LysR family member, GcvA, controls the gcvTHP operon that encodes proteins involved in the cleavage of glycine. In this system, two regions, centered at Ϫ353 and Ϫ156 bp of the start codon and spaced by 145 bp, are necessary for the regulation of gcvTHP by GcvA. Moreover, the leucine-responsive regulator (Lrp) binds between these two regions (42, 47) .
In the future, we plan to determine whether the PecT repressor can bind on smaller DNA fragments containing only one region (R1 or R2) or whether the presence of the two sites is required. Moreover, we will explore a possible intervention of other proteins (e.g., Lrp, HNS, and IHF) in the pecT regulation as in the gcvTHP regulation. Indeed, a link between Lrp and PecT was previously supposed by Surgey et al. (43) on the basis of the reversion of the flocculation phenotype of the pecT mutant by the addition of leucine, which is a cofactor of the Lrp protein.
Pectate lyase synthesis is controlled by complex regulatory networks including the KdgR, CRP, PecS, and PecT proteins. Each regulon possesses its own specificity. The KdgR repressor controls all the pectinolytic genes and the out secretion genes in response to pectin catabolic intermediates. The global CRP activator controls pectate lyase synthesis and multiple carbohydrate catabolism pathways. The PecS repressor controls extracellular enzyme synthesis (pel and celZ genes), extracellular indigoidine production, and the out secretory apparatus but does not regulate the genes of the intracellular part of pectin degradation. Finally, the PecT repressor controls pectate lyase synthesis, exopolysaccharide production, and motility. The signals that modify the activity of PecS and PecT remain to be identified. To have an overview of the regulatory network controlling pectate lyase synthesis in E. chrysanthemi, it now seems necessary to analyze the putative relationships (e.g., competition or cooperation) among the different regulatory proteins (PecS, PecT, CRP, and KdgR) during the binding to the regulatory regions of the pel genes.
